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Interferometric Estimation of Three-Dimensional
Ice-Flow Using Ascending and Descending Passes

lan R. JoughinMember, IEEE,Ronald Kwok,Member, IEEE,and Mark A. Fahnestock

Abstract—Satellite radar interferometry (SRI) provides an Thus, the need for detailed ice-flow velocity measurements
important new tool for determining ice-flow velocity. Interfer-  gver wide areas has not been met by conventional techniques.
ometric measurements made from a single-track direction are  gjnce the launch of ERS-1, the capability of satellite radar
sensitive only to a single component of the three-component. . . .
velocity vector. Observations from along three different track interferometry (SRI) d.ata for mal_<|ng detailed ice-flow mea-
directions would allow the full velocity vector to be determined. Surements has been firmly established [3]-[15]. The measure-
A north/south-looking synthetic aperture radar (SAR) could ment of ice motion by using SRI was first demonstrated by
provide these observations over large portions of the globe, Goldsteinet al. [3] for an area on the Rutford Ice Stream,
but not over large areas of the polar ice sheets. We develop apiarctica. Hartlet al. [4] have used ERS interferometry to
and demonstrate a technique that allows the three-component . . .
velocity vector to be estimated from data acquired along two study tidal displacement on the F|Ichner—Ronne IC?_ Shelf.
track directions (ascending and descending) under a surface- Kwok and Fahnestock [5] measured relative velocities on
parallel flow assumption. This technique requires that we have the North-East Greenland Ice Stream. Jougttiral. [6]-[9]
accurate estimates of the surface slope, which we also determinedhave mapped topography and measured absolute velocities
interferometrically. To demonstrate the technique, we estimate in Greenland and detected a mini-surge [10]. Rigabtl.

the three-component velocity field for the Ryder Glacier, Green- . . .
land. Our results are promising, although we do not have yet have used ERS-1 interferometry to measure ice velocity [11],

ground-truth data with which to determine the accuracy of our grounding-line position [12], tidal flexure [12] in Greenland,

estimates. and SIR-C interferometry to study topography and ice motion
Index Terms—Interferometry, remote sensing, synthetic aper- on the Sa_n Rafael Glacier, Chile [13]. Fatlanq [15] has made
ture radar (SAR). SRI velocity measurements on Alaskan Glaciers, and Vachon

et al.[14] have used interferometry to study Canadian glaciers.
Previous studies [3]-[14] have relied on images collected
along a single satellite track. A repeat-pass interferometer,
however, is sensitive only to surface displacement that is
N UNDERSTANDING of the flow dynamics of an ice directed along the line of sight from the radar to the ground. As
sheet’s outlet glaciers and ice streams requires knovg-result, interferograms acquired along a single track are sen-
edge of their flow velocity and strain rates (i.e., velocitgitive to displacement along a single direction, which for ERS-
gradients). With the advent of the Global Positioning System2 emphasizes vertical displacement relative to horizontal
(GPS), glaciologists now are able to make predisesitu displacement [6]. Furthermore, without additional information,
estimates of ice-flow velocity. While highly accurate, it is timet is not possible to unambiguously separate the mixed hori-
consuming and logistically difficult to make such measurgontal and vertical displacement signals in an interferogram.
ments. After a long field season, a glaciologist is likely to hav@ this paper, we derive a technique for estimating all three
measured VE|OCity at onlyafew dozen points. Ice-flow VE|OCi%mponents of the ice-flow Ve|0city vector by using two
also has been measured from the displacement of featuigdparallel tracks (i.e., ascending and descending tracks) and
observed in pairs of visible [1] or synthetic aperture radaurface slope from interferometry.
(SAR) images [2], but these methods do not work well for the \We begin with a brief review of interferometry followed
large, featureless areas that comprise much of the ice sheg{sa derivation of the technique for three-component velocity
determination. We then apply the technique to estimate the
three-component velocity vector for an area over the ice
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that is directed toward or away from the look direction of the
radar. Therefore, the interferometric phase can be expressed
as the sum of displacement- and topography-dependent terms,

¢unwrap = ¢t0pography + d)displacement- (2)

The interferometric phase is also affected by noise, due
to speckle and propagation delays caused by atmospheric
variation between passes.

C. Effect of Topography

Referring to Fig. 1, the baseline and range difference due
to topographyAiopography are related by

By, sin 84+ B, cos 0y

2 2
Atopography B (3)

— _Ato pograpl .
pography — 270 27,0

Applying (1) and (3) the phase due topography is solved for as

d)topography

Fig. 1. Geometry of an interferometric SAR.

=2k {—7‘0 + /13 = 2ro(By, sin 84 + B, cos bg) + BQ}

SAR’s located atS; and .S,. The first SAR is at altituded N 2k< BQ) @)

and is travelling in they, direction. FromS;, the look angle By, sin bq + By, cos 04 — 20
¢ and the slant range, are determined by a points-ground

rangez, and elevation: above some reference ellipsoid. The®. Effect of Displacement

range to the same point from the SAR 84 differs from

ro by A. For a single-pass system, such as TOPSAR [16A
two images are acquired simultaneously by using separate

antennas. A repeat-pass interferometer, on the other hand, ¢pa = 2k(Agn, sin © — Ay . cos ) (5)
acquires a single image of the same area twice from two neatrl : .
repeating orbits or flight lines. Repeat-pass interferometryv\gv]ereAdiws denotes the component ofc_hsplacement tangential
examined in this paper since single-pass interferometry is the surface of a reference ellipsoid and directed across
sensitive to surface displacement. track andA, . denotes displacement directed normal to the

The baseline separating the SAR’s can be expressed in teﬁ“@so'd The mmdence an_glea,, IS deﬂned with respect to the
of its components normal tB,, and parallel taB,, a reference- ocal normal to the ellipsoid (see Fig. 1). For steady motion,

look direction. A convenient choice is to let the nominal-centétJe phase is related to the surface velocity by
look anglef. define the reference-look direction. The anéle pa = 2k6T (v, sin ¢ — v, cos ) (6)
then denotes the deviation éffrom &..

The contribution to the phase from surface displacement
is given by

where éT" is the time between acquisition of images.

B. Interferometric Phase

E. Baseline Model and Estimation
For repeat-pass interferometry, the range difference between

passes is estimated by using ERS—l orbits are not known well enough to estimate base-
\ lines with the level of accuracy needed to generate DEM’s
A= M]‘:al’ = Punwrap (1) and estimate motion [18]. As a result, the baseline must be

2 T

determined using tie points [9], [18]. The baseline varies along
where ¢.mwrap denotes the unwrapped interferometric-phaghe satellite track, which we model as a linear function of the
difference andX is the radar wavelength. Note that phasealong-track coordinatey, [9]. The baseline is then represented
unwrapping algorithms, which are used to remove the @wd- as

ambiguity in the interferometric phase, yield only the relative — Yy

phase as there is an unknown constant of integration associated B, =B} +6B, <T)

with the unwrapped solution [17]. It is assumed here th Yo

¢unwrap NAs been processed to remove this ambiguity [

(i.e., with the aid of tie points). The ERS-1 SAR operates B, :B;+6Bp<%> @)
at a wavelength o = 5.656 cm so thatA typically can be s
measured with subcentimeter accuracy. whereB;; and B; are the components of baseline at the frame

With a repeat-pass interferometes, is affected by both centery, . andéB, andéB, are the changes in the baseline
topography and any movement of the surface between orltsmponents over the length of the frame, .
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With a linear model for baseline variation, there are four
unknown parametersBg, Bp, 6By, 6Bp. There is also an
unknown constant associated with the phase after it has
been unwrapped. We make an approximation to implicitly
incorporate this constant into the baseline solution so that only
the four baseline parameters need to be determined [8]. We
then estimate the baseline using a linear least-squares solution
[8], [19] with at least four tie points.

Even if the baseline were determined perfectly (i.e., so
that the baseline estimate contributes no error to the velocity
estimate), the estimated baseline would differ slightly from the
actual baseline. This is because approximations in the baseline
model and errors in some of the independent parameters (i.e., P X
satellite altitude) are co_mpensated_ for by using an eﬁec“\é‘lag. 2. Vectors and angles used in determining ice-flow velocity.
rather than exact baseline. The difference between the true

and effective baseline length is small (i.e., less than a meter). ) ) )
(emergence) ice lost in the ablation zone. In steady state, the

submergence/emergence velocity is equal to the local mass
balance, which is a few decimeters to a few meters per year for
most of Greenland. In fast moving areas with bumpy terrain,
the vertical-component of motion due to surface-parallel flow
For ice-dynamics studies we wish to measure the threg-jarge with respect to the submergence/emergence velocity.
component velocity vector In areas where there is heavy ablation or accumulation the
surface-parallel flow assumption may yield significant errors
in estimates of vertical motion. Estimates of the horizontal
The line-of-sight observation made from along a single tradomponents of motion should be relatively unaffected by
yields only one velocity component. Thus, three interferaleviations from surface-parallel flow.
metric observations from linearly independent directions areNote that if the direction of the velocity vector is known,
necessary to fully resolve the velocity vector. Observatioritsis possible to solve for the velocity vector using only a
from four directions can be made with a SAR that hasingle pass and the surface parallel flow assumption [9]. Flow
north/south-looking capability (i.e., north/south ascending amlifection can be estimated from the direction of maximum
north/south descending). ERS-1/2 are only able to look nortiveraged (i.e., over 10-20 ice thicknesses) downhill slope [20].
Furthermore, it is not possible to obtain north- and soutfhis yields an averaged flow direction, however, that misses
looking coverage at high latitudes, including large parts gierturbations in the direction of flow on scales of less than a
Antarctica. Therefore, it is desirable to have the ability téew ice thicknesses (i.e., 1-10 km). Flow direction can also be
measure the velocity vector with less than three directioirferred from features in visible in the amplitude imagery such
of observation. as shear margins and flow stripes. Most SAR amplitude images
If we make the assumption that surficial ice is constrainexdf the ice sheet are relatively featureless, so that it is possible
to flow parallel to the ice-sheet surfaegz, y), then vertical to determine flow direction for only a few regions within an

Vi

Qo

Ill. ESTIMATION OF 3-D ICE-FLOW VELOCITY

A. Surface-Parallel Flow Assumption

U=V % + v+ 0.2 = v + VU2 (8)

velocity is related to horizontal velocity by image. Furthermore, a single interferogram also has sensitivity
T to one component of the horizontal flow vector. As a result, it
vz = [Vayz(z, y)] o (9) s possible only to make accurate measurements over a range
Substituting this expression into (8) yields of directions where there is good sensitivity to displacement.
For these reasons it is desirable estimate velocity using both
v =" + [Voyz(z, DY (10) ascending and descending passes whenever possible.

which allows the velocity vector to be determined usin ) . )
observations from just two different directions when the sug-' Estimation of Velocity Vector Under the

face slope is known. This means that crossing ascending atfyface-Parallel Flow Assumption

descending ERS orbits are suitable for estimating the ice-flowln this section we derive the equations necessary to esti-
velocity vector. mate the ice-flow velocity vector from two nonparallel (i.e.,

In general ice does not flow parallel to the surface. Iascending and descending) tracks under the surface-parallel
stead, ice flow is inclined slightly upward from the surflow assumption. We begin by defining a three-dimensional
face in the ablation zone (areas of net ice loss) and (8-D), right-handedryz-coordinate system with some arbi-
tipped slightly downward in the accumulation zone [20frary orientation of thery axes in the plane tangential to a
This deviation from surface-parallel flow, which is calledeference ellipsoid (Fig. 2).
the submergence/emergence velocity, allows the ice sheet thet @ and d be the unit vectors corresponding to the
maintain is steady-state shape by making way (submergenaeloss-track directions of the ascending and descending passes,
for new snow in the accumulation zone and by replacingspectively. The angular separation of tracks is denoted by
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a (Fig. 2). The across-track vectors form a nonorthonormAbplying the surface-parallel-flow assumption
basis, allowing the horizontal velocity vector to be expressed

as b= a(e ) o) (8)
Vn = Vol + Vgd. 11 e obtain
}Applt)_/ing (r?), the across-track components of velocity as a Pd.a
unction phase are ST ain 1h.
[vm} — AB 2k6T, sin 1, —i—ABC{%} (19)
. ba.a Uy Pd,d Vy
vpa = m + v, cot P, 2k6Ty sin g
and
where
vid= L + v, cob Py. (12) Az, 02,
2k6T, sin 1y cob g cot g
. . ox Ay
Here the motion-only interferograngs; ¢ and ¢, , have been C= 02, O, - (20)
unwrapped and referenced to a stationary surface so that a O cot g 9 cot 1y
phase value of zero indicates no displacement. Since the basis 4
(a,d) is nonorthonormal Solving (19) forw,, in zy coordinates yields
Vo UL @ Pd,a
and ) {“w} — (1 - ABC)~tap | 2 Te S0 Ve (21)
va £vFd. (13) vy Pad

2/€5Td sin Z/}d
Thus, we need to determine the relation between dHe

coordinates and the projections of the horizontal velocifi/iS €quation defines the spatially varying refation for de-
vector on to basis vecto and d. which we can determine fermining the horizontal velocity vector from the unwrapped

from the interferograms. These relations are derived in th2S€ values. Onas, is computedy. is determined via (18).

Appendix. From (A5) we have In the next section we apply this technique to an area in
Greenland where we have data from crossing ascending and
T4 descending passes.
|:Ua:| :B|:U§L—‘q::| (14) g p
Uq v; d

where IV. APPLICATION TO THE RYDER GLACIER, GREENLAND

Adjacent ERS-1 tracks were widely spaced during the
B— <L) { 1 — Cos 04} ) commissioning and ice phases of ERS-1 so that there are only
sin? / [— cos a 1 a few areas in Greenland where ascending and descending
] ] tracks cross. During the tandem ERS-1/2 mission there were no
We now need the transformation froml to xy coordinates. yang in coverage between adjacent tracks so that, in principle,
Referring to Fig. 2, theid basis vectors can be expressed agqssing ascending and descending swaths could be collected
anywhere. The majority of the Greenland data collected during

G = cos & +sin [y the tandem mission were from descending passes. Some tan-

and dem ascending data were collected, however, so 3-D velocities
d = cos (a + B)& +sin (o« + 3)3. (15) can be estimated in several areas of Greenland. There are also
several areas in Antarctica where this technique can be applied
The desired coordinate transformation is then using data from the tandem mission.
Uzl = p|Y 16
L}J = L}J (16) A. Study Area and Data Set

We obtained a set of ascending and descending images

where (see Table I) that cover an area on Ryder Glacier in northern
cos B cos(a+ B) Greeqland (see inset map in _Fig. 5). This outlet glacigr drains
[Sin B sin(a+B) } a basin of 28300 k& which is rom_Jgth 1.7% of the inland
ice area. Based on the accumulation rate data of Ohmura and
Applying (12), (14), and (16) we obtain Reeh [21], the total accumulation for the basin is 5.0tkm
water equivalent, making the Ryder a moderate-sized outlet
Lﬂf + v, cos 1, glacier for Greenland.
[%} — AB 2k6TG sin th, ) (17) An implicit assumption in the derivation of (21) is that
Yy Pd,d + v, cob g ice flows at a steady rate during acquisition of the ascending
2k6Ty sin 1y i and descending passes. This is almost always a reasonable
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() (b)

Fig. 3. (a) Descending interferogram formed from images acquired September 21-22, 1995. (b) Ascending interferogram generated using iredges acquir
November 8-9, 1995. Both interferograms have been processed to remove the effect of topography so that phase variation is due to displacement and
phase errors such as atmospheric effects. Arrows indicate-across track direction.

TABLE | The difference in track directions for the ascending and
INTERFEROGRAMS USED FOR ESTIMATION OF descending interferograms is 9%5.@he across-track direction
THE FLOW FIELD OF THE RYDER GLACIER . . . . .
of the descending interferogram is nearly aligned with the
Dates Orbits Frame B flow direction over large parts of the glacier so that there
September 21722, 1995 E121886/E2.9213 1935 0 is a strong dlsplac.:ement.s.|gnall. The promlne_nt §ets of tightly
spaced, parallel fringes visible in the descending interferogram

November 8/9, 1995 E1-22577/E2-2904 1665 94 . . . . .

[Fig. 3(a)] are associated with velocity gradients across the
March 15/18 E1-3477/E1-3520 1935 -46 . : :

shear margins. In contrast, the across-track direction of the
March 18/21 E1-3520/E1-3563 1935 162

ascending interferogram [Fig. 3(b)] is nearly orthogonal to the
flow direction so that there is little effect from horizontal
i , i ) . displacement. The often circular or “bull’'s eye” patterns of
gssu_mpnon for ice flow, especially if the data are all acquwefﬂnges in this interferogram are primarily the result of vertical
in winter. Kwok and Fahnestock [5] and Jougheh al. [7] motion [7]. Similar patterns are also present in the descending

observed steady flow rates for periods ranging from days u o ) .
2 iNterferogram as sensitivity to vertical displacement does not
to nearly two years. The Ryder, however, varies its speed. . .

epend on track orientation.

mini-surge occurred sometime in the interval from Septembér . .
22—-November 8, 1995 [10]. During this event, the speed On_Surface slope est|_mates are needed to measure velo_cny
parts of the glacier appears to have increased by more thall°a 9 (21). T(.) determine slo.pe, we generated hlgh-resolgtlon
factor of three over the normal rate. The descending data ué@tﬁ:rferometrlc D_EM fqr the !ce-covered areas, which required
in this study were acquired September 21-22, 1995 while tﬂgublg differencing palrs of interferograms to cancel the effect
ascending data were collected November 8-9 of the same y&afotion [5], [7]. The images used to create the DEM were
(see Table 1). These interferograms, which are shown in Fig.£duired in March of 1992 and are listed in Table I. Nearly
were used to bound the period over which the mini-sur 00 tie points from the KMS DEM were used to estimate the
occurred [10]. aseline. The DEM has a pixel spacing of 80 m and is shown
The Ryder appears to have been in its normal flow modie Fig. 4. The relative (short scale) accuracy of the DEM is
when the September and November interferograms were 88-the order of a few meters [7], [8]. Baseline error and other
quired [10]. The mini-surge between these acquisitions, ho@trors may have introduced long-wavelength (i.e., greater than
ever, means that there may be differences in the flow ratt® km) errors of up to a few decameters. Fortunately, such
observed during September and November acquisitions. Weg-wavelength errors have little effect on the accuracy of
believe that any such differences are small [10]. Thus, for tistope estimates.
purposes of demonstrating our technique, we assume that thRugged topography made it difficult to unwrap the phase
flow rates were the same when the ascending and descendinghe ice-free areas. As a result, we did not attempt to
interferograms were acquired. estimate the topography for the ice-free regions. Instead, the
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Fig. 4. High-resolution, interferometrically-derived DEM of Ryder Glacier. The DEM is shown as a shaded surface with the light source directed from
above along thez-axis. Elevation contours are plotted over the surface at 100-m intervals. The images used to generate the DEM were acquired in
March 1992, during the first ice phase of ERS-1.

data from these regions of the DEM shown in Fig. 4 areottom to top. The direction of true North is nearly aligned
resampled elevations from the KMS (National Survey andith the positivey-axis in these figures.

Cadastre) DEM (0.5-km resolution), which was provided to

us by Ekholm [22]. This does not affect our results, as We. Velocity Field

need slope data only from of the ice-covered area. To estimate velocity, we began by processing raw SAR

signal data into complex, single-look images from which
we created interferograms. After unwrapping the phase, we
estimated the baseline using tie points from the ice-free area,
We used the polar stereographic projection of the specighich were extracted from the KMS DEM. After baseline
sensor microwave imager (SSM/I) grid for our velocity estiestimation and flattening the interferograms exhibited small
mates. With this coordinate system, the origin is located at ttik errors, which we attributed to insufficient tie-point control
pole with thez-axis directed along5° E and they-axis along in the baseline estimation procedure. To improve the results,
135° E. In Fig. 3 and in subsequent figures, theoordinate we included tie points from the ice-covered area. Since we
increases from left to right and thecoordinate increases fromdid not have GPS velocity measurements, we used balance-

B. Coordinate System
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_ J I —_— I = CE AN TAY

Fig. 5. Horizontal velocity field plotted over the SAR amplitude image of the Ryder Glacier. Green contours are at 20-m/yr intervals and blue ttontours a
50-m/yr intervals. Red arrows indicate flow direction and have length proportional to speed. The amplitude image was acquired September 21, 1995.

velocities [20], which we estimated [25] using the KMS DEMwith synthetic topography-only interferograms generated from
an estimate of bed topography, and the accumulation datar DEM (Fig. 4). The resulting motion-only interferograms
from Ohmura and Reeh [21]. We selected these extra {bg 4 and¢, , were used to estimate velocity via (18) and (21).
points from the slow moving areas where balance-velocity The horizontal-velocity field for the Ryder is shown in
errors are roughly a few meters per year. While not nearly &gy. 5. The Ryder has two branches, which converge at 1000 m
accurate as GPS-measured tie points, we believe the basefileation and then flow out through the Sherard Osborn Fjord,
solution determined using balance-velocity tie points is favhere the ice eventually goes afloat. At higher elevations
more accurate than the solution based solely on stationdéimg regions of converging flow associated with each of the
tie points from the ice-free area. The final estimates useslo branches are visible while further downstream, the shear
approximately 120 tiepoints with roughly 20 points on thenargins of the two branches become more distinct until finally,
ice-covered area. After estimating the baseline, we canceltbgy merge to form a single tributary. In places where there are
the phase due to topography by differencing the interferograffitew stripes or other indicators of flow direction, we get good
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P 1 s e = {1 'y — V=TT

Fig. 6. Vertical component of velocity for the Ryder Glacier. Results from along the magenta profile are shown in Fig. 7. The amplitude image was
acquired November 8, 1995. The contour interval is 3 m/yr.

agreement with the measured flow direction. As the ice begifesv kilometers). The submergence/emergence contribution to
to enter the exposed confines of the fjord, flow is shunted tiee vertical component of velocity not accounted for by our
the west by what is likely a bedrock obstacle. Once aroumstimate should vary over longer length scales and have an
this obstacle, the flow becomes more evenly distributed acradevation dependence. Overall, ice flow is directed downhill
the fjord. In addition to the Ryder flow field, the enhancedo that vertical velocities are predominantly negative (red
flow associated with several smaller glaciers is also visiblecontours). There are a few areas, however, where ice must
The vertical component of the Ryder velocity field is showflow uphill to get over a bump (blue contours).
in Fig. 6. Because the estimated vertical displacement is pro-Different types of glaciological study require different levels
portional to horizontal velocity and surface slope, there is onbf accuracy in velocity estimates. For estimation of ice dis-
significant variation in regions where motion is rapid and theharge and for some ice dynamics studies, velocity errors of a
topography undulating. The vertical-velocity field is dominatefibw meters per year with length scales of a few kilometers can
by variation with length scales of a few ice thicknesses (i.e.b& considered negligible. For other ice dynamics studies the
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Fig. 7. (a) Profiles of horizontal spedd;,| and elevation. Profile location is indicated by a magenta line in Fig. 6. (b) Profiles of vertical velggity

short-scale speefby, |shortscale, and short-scale elevatiofnyortscale- Short-scale variation is determined by filtering the profile to remove variation with
length-scale greater than 5 km (approximately five ice thicknesses).

fine-scale details of flow are important because they represphtise. On the right side of Fig. 7(b), at the largest bump in
the effects of the longitudinal stress gradients and can yidlte surface topography, one can see that the minimum in hor-
information regarding basal conditions [26]. This type of studigontal velocity corresponds to the minimum in surface slope
requires a high degree of relative accuracy over length scafdse maximum up glacier slope), and the maximum in velocity
of a few kilometers since the amplitude of the fine-scalorresponds to the maximum slope on the down-flow side.
variability is small. The results in this example seem reasonable and perhaps
To examine the fine-scale details of our velocity estimate®t overly corrupted by estimation error. Further research
in greater detail, Fig. 7 shows velocity and elevation data needed to determine accuracy. As discussed below better
from along the 50-km magenta profile shown in Fig. 6. Theharacterization of the various errors and how they contribute
velocity data in Fig. 7(a) illustrate that the magnitude of thes overall accuracy is needed. Consistent estimates from
short-scale variation is small with respect to absolute velocityeveral sets of interferograms would help establish the validity
Fig. 7(b) showgv| and z after high-pass filtering to removeof the data for the study of the fine-scale field. We also
variation with length-scale greater than 5 km (i.e., roughlyeed to compare surface truth measurements of velocity with
five ice thicknesses). No filtering was applied to the verticaterferometric measurements to firmly establish the accuracy
component of velocity since it exhibits little variation oveof our results.
length scales greater than a few kilometers.

The peaks in the small scale horizontal field velocity fiell- ETTOrs

occur at the tops of bumps or just on the downhill side of the We appear to have measured the main elements of the Ryder
bumps. The fine-scale horizontal and vertical components fadw field. While our results indicate that it is possible to
velocity have similar magnitudes and are roughly 2180t of measure the vector velocity field for ice flow, we have not
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yet established with what accuracy these measurements can dehase-unwrapping errors lead directly to velocity errors.
made. Analysis of the error is complicated by the fact that wie phase-unwrapping program must locate discontinuities of
do not have yet good characterizations of all sources of errgreater than+7x and mark them with branch cuts so that
Error sources also combine in a complicated and spatiatlye phase is not integrated across the discontinuity, which
varying way, which makes analysis difficult. Finally, we havevould otherwise introduce an error [17]. An improperly placed
no ground truth data with which to fully validate our resultsbranch cut causes a phase discontinuity to be shifted from
For these reasons, we limit the discussion to a descriptionitsf actual position. Even when placed incorrectly, however,
the potential sources of error and leave a complete analysisaobranch cut keeps the error local instead of allowing it to
error as a topic for further research. become global, which would occur if no branch cut was
Inaccuracy in three-component velocity estimates is thesed. Phase-unwrapping errors on ice sheets typically occur
result of misregistration, slope, baseline, DEM, phasgtere there are strong phase gradients such as at bull's
unwrapping, and phase errors. Registration error occurs wheyre patterns and shear margins. Phase-unwrapping errors are
the ascending and descending interferograms and the DEdduced by eliminating strong phase gradients and improving
are not properly co-registered. Misregistration is caused byerferometric correlation. Shortening the temporal baseline
inaccuracy in the satellite ephemeris, along-track timing, amelduces phase gradients while increasing the incidence angle
other data used for geolocation as well as by errors in than further reduce the phase gradients caused by vertical
DEM used to remove the terrain distortion present in SABisplacement. Correlation can be increased by decreasing
imagery. Our data were registered with an accuracy of abdhe interferometric baseline length, by reducing the temporal
80 m for areas on the ice sheet. Ice velocity and topograpbgseline, or by increasing the range resolution [23].
typically vary over scales greater than about one ice thicknes?hase noise due to speckle is often considered the limiting
(roughly 0.5-1.2 km for the Ryder) so that misregistratiofactor of interferometric measurements. Speckle phase noise
is small with respect to the natural scale of variability. Asloes limit our ability to unwrap the phase correctly. Once
a result, misregistration is typically only a factor in regionthe phase has been unwrapped, however, speckle is not a
of strong phase gradients such as across shear margins raagbr limitation for ice sheets as the natural scale of variability
around bumps. This means that registration error primariflows a large amount of filtering for speckle reduction while
affects the accuracy with which we can measure the fine-scedt¢aining an adequate level of resolution (i.e., 100-200 m) [8].
details of the velocity field. Speckle is a more significant problem for mountain glaciers
Accurate estimates of horizontal and vertical componentswhere the features of interest are much smaller.
velocity require accurate surface slope estimates. The smootfihere are several other types of phase errors in ERS
nature of ice-sheet topography allows interferometric DEMisterferograms that have length scales comparable to those
to be heavily filtered to nearly eliminate speckle as a significaot the measurements we wish to make so that they are not
source of slope error. Slopes determined from interferometgasily fixed with a simple smoothing filter. In addition to
DEM'’s are affected by several other sources of interferometudirectly affecting velocity estimates, these errors also affect
phase errors (see below) that have length scales comparablinéoaccuracy of the interferometrically derived DEM’s used
that of the topographic variation [7]. Multiple DEM’s can beto estimate slope and cancel topographic effects. ERS-1 inter-
averaged to reduce slope errors [7]. Slope errors contribfiégeograms from high-latitude areas often have errors that take
to inaccuracy in measurements of fine-scale details of tttee form of narrow (i.e., a few kilometers) streaks that sweep
velocity field. across the interferogram primarily in the across-track direction
Errors in the interferometric baseline yield residual, almo§8], [27]. Jezek and Rignot [27] first noticed these streaks
linearly varying, errors across motion-only interferogramén the correlation of an ERS-1 interferogram from western
Baseline errors are often the largest source of error in interf@reenland. They demonstrated that the streaks are related to
ometric velocity estimates [9]. A large number of accurate argh-frequency variation in the azimuth registration. If the
well distributed tiepoints and a short interferometric baselirstreaks ran horizontally across (i.e., in the range direction)
will help minimize these errors [9]. Since adequate tie-poiin interferogram, perhaps they could be explained by missing
information is often not available, there are many areas whditees in the raw data. The orientation of most streaks, however,
baseline error can severely limit the accuracy of velocitg not quite parallel to the across-track direction, making
estimates. Baseline errors have little effect on the ability #xplanation of their cause difficult. The phase errors (i.e., a few
resolve subtle variations in the fine-scale velocity field. tenths of a radian) introduced by these streaks are sufficient
An accurate DEM is needed to avoid residual topographic cause velocity error of a few meters per year for a tandem
effects in the motion-only interferograms used to estimatERS-1/2 pair. To the best of our knowledge these streaks have
velocity. Sensitivity of velocity estimates to DEM error isnot been observed in data from outside the Kiruna ground
proportional to the baseline length, so using interferograratation receiving mask. Further research is needed to establish
with short baseline lengths is important for keeping this type cause of these streak errors and whether they are unique
of error small. Potential long-wavelength errors in our inteto the ERS-1/2 SAR’s.
ferometric DEM may have introduced errors of a few meters ERS interferograms from Greenland are also subject to long-
per year in our velocity estimates. DEM errors, especially favavelength (20-100 km) phase errors (up to 10 rad) in the
longer baselines, can affect the ability to resolve both the longlong-track direction [7]. These errors are possibly caused by
and short-wavelength features in the velocity field. nonlinear variation of the baseline, to clock drift [28], or to
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some other cause. These large can introduce errors in veloatyringes due to displacement. Even with L-band, however, it
of up to a few decameters per year for a tandem pair. Weunlikely that full coverage can be achieved with a temporal
believe this type of error accounts for, at most, a few metesseline that is short enough to map extremely fast moving
per year in this study. ice (i.e., greater than 2 km/yr). Fortunately, such fast moving
Goldstein [24] observed anomalous phase variation in intgjlaciers represent a small area and they are heavily crevassed
ferograms of an area in the Mojave desert, which he attributed that feature tracking can be used to measure their velocity.
to additional time (phase) delay caused by turbulent waterShort baselines are important for obtaining accurate ice
vapor in the lower atmosphere. We have observed similalocity estimates [9]. Long baselines also are needed to
features with amplitudes of a few radians in interferogranubtain the good height accuracy necessary for keeping slope
from mountainous, ice-free areas in northern Greenland [@fror small. The lengths of a large percentage of the ERS-
Detecting such features on the ice sheet is more difficult/2 tandem baselines are suboptimal for estimation of either
however, because we must differentiate them from the motidnpography or velocity. Future missions should be designed
If we had several interferograms of the same area, it would téth the capability to maintain the interferometric baseline
easier to detect atmospheric effects on the ice sheet. If suigha specified range (both short and long) to allow efficient
features are present with lengths scales of a few kilometerse of data in ice-sheet [9] and other types of deformation
as observed by Goldstein [24] and ourselves, then they widlsearch [29].
have an effect on measurements of the fine-scale velocity fieldAs described above several types of nonspeckle phase errors
Averaging multiple estimates from different passes will helaffect the accuracy of ERS-1/2 estimates. The long-wavelength
eliminate any artifacts that may be present. and streak errors may be unigue to ERS-1/2, but atmospheric
anomalies will impact any future repeat-pass interferometer,
regardless of frequency [24]. These errors vary independently
V. CURRENT AND FUTURE APPLICATION from interferogram to interferogram (assuming no common

The ice and commissioning phases of ERS-1 and the tandéf@ges) so that they can be reduced by averaging several
phase of ERS-1/2 vyielded a large interferometric data ségtimates. Slope errors can be reduced in a similar fashion
providing descending coverage for all of Greenland andly averaging several DEM's to improve height accuracy. This
large part of Antarctica. Unfortunately, data were acquiredPProach can not be applied to much of the current ERS-
over only a limited area from both ascending and descendih tandem data set as typically there were only one or two
passes. An extension of the tandem mission with additiorirs collected along each track. Any interferometry mission
ground stations could fill in many of the gaps where the® extension of the tandem mission should be planned so that
is currently no bidirectional coverage. The ERS 1/2 SAR®nhough pairs are collected to achieve the desired accuracy via
cannot image below 792, however, so there is no coveragé@veraging of multiple estimates.
for a large portion of the West Antarctic Ice Sheet. This
potentially unstable ice sheet holds enough ice to raise sea- VI. CONCLUSIONS

level by 6 m [28]. J-ERS-1 also provides only limited coverage e have demonstrated that interferograms from ascending
of West Antarctica. RadarSat will image all of Antarcticang descending passes can be combined with surface slope
during the RadarSat Antarctic Mapping Mission, but the 24xformation to estimate the 3-D ice-flow velocity field. Further
day temporal baseline is too long for velocity mapping, even jgsearch is needed to determine how accurately the fine-scale
the radar is turned south long enough to obtain interferometggyails of the velocity field can be determined. Application of
pairs. Thus, there is a need for an interferometer that cgfy technique is currently limited to a small percentage of the
provide full Antarctic coverage. area covered by the Greenland and Antarctic Ice Sheets where
Ice-flow rates vary from a few meters per year near thgy ascending and descending data were collected. Data from
summit to several kilometers per year near the termini of |ar%§isting and future missions, however, hold great promise for

glaciers such as Jakobshavns Isbrae. The one-day tempgfRlancing our knowledge of ice sheet dynamics and mass
baseline of ERS-1/2 tandem mission is well suited for megz|ance.

suring ice flow in the range of about 100-1500 m/yr (note
this range is a rough estimate as the glacier geometry and APPENDIX

topography contribute greatly to the maximum velocity thaéOORDINATES FORTWO-DIMENSIONAL, NON-ORTHONORMAL

can be measured). Measurement of faster motion require%&ls IN TERMS OF ACROSSTRACK VELOCITY COMPONENTS
shorter temporal baseline, while estimates of slow moving ice

flow benefit from longer temporal baselines. With a single Consider two orthonormaky-coordinate systems rotated
SAR, the temporal baseline can be varied in integer multipl¥4th respect to each other as shown in Fig. 8. For an arbitrary
of the exact repeat period of the orbit. Thus, a short-repé_éﬁaor”h we can relate the coordinates in one system to those
period allows a wide range of temporal baselines and tHe the other by

ability to measure rapidly moving ice. The tradeoff for a short
repeat period is a reduction in the extent of coverage. This
problem can be somewhat mitigated by the use of L-band,
which allows the temporal baseline to be greater by a factor Vg, = Uz, COS vy, SIN

of 4 to 5 relative to C-band while maintaining the same density Uy, = —VUg, SN & + Uy, COS Q. (AL)

Vg, =z, COS O — ¥y, SiN «

Vy, = Uz, S (& + Uy, COS
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(3]

72 [4]

Xy, =d [5]

(6]

(7]

»Xl =a
(8]

Fig. 8. Definition of coordinates, vectors, and rotations used in deriving
nonorthonormal basis.

After some algebra we obtain

El

[10]
(. Ccos «
= — . A2
T dn e " sin (A2) [11]
Similarly we obtain
[12]
COS (v 1
g = — ; ). A
% (Sin a>$1 + <sin oe)x2 (A3 [13]
Substituting (A2) and (A3) into (141
Vp = Uazl-'i" + Uylg (A4)
and lettinga = #, andd = #» we obtain [15]
vy = Uad + Ud(/l (AS) [16]

where
11;:& - vgd CoS o (17]
Vg = . 2
sin® «
18
and [18]
T4 T A
vy = vy, d— v, a cos o [19]
sin? «

This gives the coordinates in the nonorthonormal basis in terfdd
of the projections of the horizontal velocity vector onto thgg)
basis vectors.
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